. Neutralization of endotoxin toxicity in chick embryos by antibiotics. J. Bacteriol. 92:815-819. 1966.-Three cationic cyclic polypeptide antibiotics, polymyxin B sulfate colistin sulfate, and tyrocidine hydrochloride, were shown to neutralize 'endotoxin lethality in chick embryos. The neutralizing potency of these antibiotics was approximately equivalent, 0.06 to 0.11 ,mole of antibiotic per ,ug of endotoxin. Methane sulfonation of colistin resulted in a 13-fold decrease in endotoxin-neutralizing potency. Other cationic cyclic polypeptide antibiotics were inactive, as were all other classes of antibiotics tested, including the neutral cyclic polypeptides. Several nonantibiotic polycationic proteins and polymers tested were also inactive. It is suggested that certain cationic cyclic polypeptide antibiotics neutralize by combining directly with the toxic moiety of the endotoxin molecule. Possibly this combination involves the cationic groups of the antibiotics and the polyphosphate groups of the phospholipid component of endotoxin.
It has been shown that bacterial endotoxins coat erythrocytes, render them agglutinable by antiserum specific for endotoxin, and make them susceptible to lysis upon addition of complement [reviewed by Neter (8) ]. Furthermore, Neter reported that the uptake of endotoxin by erythrocytes could be prevented by the addition of the antibiotics polymyxin B, neomycin, paramomycin, and streptomycin, but not by penicillin, erythromycin, or novobiocin (10) . His findings suggested that certain antibiotics interact with endotoxin and raised the question as to the influence of such a combination upon the biological effects of this bacterial lipopolysaccharide.
This report describes some investigations on the influence of the major classes of antibiotics on the lethality of endotoxin for chick embryos.
MATERIALS AND METHODS
Escherichia coli 0111: B4, Westphal type endotoxin (Difco) was used throughout. A stock solution of 1 mg/ml was prepared in pyrogen-free 0.9% saline (Travenol Laboratories, Inc., Morton Grove, Ill.), heated in a water bath at 65 C for 1 hr, and checked for sterility.
The antibiotics used were, for the most part, packaged forms for human use found in preliminary titrations, with two-to fivefold dilutions, to be nonlethal for chick embryos. The test antibiotic and endotoxin were mixed and incubated at room temperature for at least 30 min prior to intravenous injection into groups of 10 chick embryos. The concentrations were adjusted so that the 0.1-ml inoculum contained the selected amount of antibiotic plus 0.005 ,ug (5.5 LD5o) of endotoxin. Controls included groups of 10 embryos each injected with the antibiotic alone, endotoxin alone, and saline.
Of the cyclic polypeptides tested, colistin methane sulfonate, polymyxin B sulfate, and tyrocidine hydrochloride demonstrated endotoxin-neutralizing capacity (Table 2A) . This capacity was not found in any of the other classes of antibiotics tested (Table 2B) .
Endotoxin-neutralizing potencies. The LD5o of endotoxin was measured by the above procedures in the presence of a fixed amount of each of the four antibiotics, polymyxin B sulfate, colistin sulfate, colistin methane sulfonate, and tyrocidine hydrochloride (Table 3) . From these values, after subtracting the LD5o of endotoxin alone (0.0009 ,Mg), are calculated the micromoles of antibiotic required to neutralize 1 Mug of endotoxin. It may be seen that polymyxin B sulfate, colistin sulfate, and tyrocidine hydrochloride are all of similar potency. In contrast, to achieve neutralization of endotoxin, more than 13 times as much of the methane sulfonate salt of colistin as compared with the sulfate salt was needed. Endotoxin neutralization by nonantibiotic compounds. In these studies, as with the studies of antibiotics, the maximal amount of test compound which was devoid of chick embryo lethality was selected on the basis of preliminary assays (Table 4) .
Pooled human y globulin was assayed for endotoxin-neutralizing capacity. The hemagglutination titer of this preparation with E. coli 0111: B4 endotoxin-coated red blood cells of sheep was 1 :160. In a hemagglutination inhibition test, 1 ml of this antiserum neutralized 0.4 mg of endotoxin. The combination, however, of 0.05 ml of antiserum with 0.005 ,ug of endotoxin was lethal to all of 10 embryos tested.
Neither of the polycationic proteins, protamine hydrochloride or histone hydrochloride, nor the synthetic cationic polymer, hexadimethrine bromide, neutralized endotoxin.
In contrast, neutralization was achieved by the combination of prednisolone, with endotoxin, mixed prior to intravenous injection into the chick embryos. 
DISCUSSION
The capacity of antibiotics to prevent endotoxin lethality in chick embryos was confined to certain members of the class of cyclic cationic polypeptides. The protective antibiotics included polymyxin B, colistin, which is identical to polymyxin E (17), and tyrocidine. The cationic property of these antibiotics is derived from terminal basic groups of the diamino acid residues in the cyclic polypeptide molecules (2) , and their antibacterial activity results from binding through these basic groups to the microbial cell membrane (11) . This results in the impairment of cell membrane osmotic integrity and loss by leakage of intracellular constituents. The specific receptor site for polymyxin B on the bacterial cell membrane has been suggested as the polyphosphate groups of phospholipids (3, 12) . In addition to the cell membrane, the cell wall also takes up polymyxin B, and this capacity is quantitatively greater in cell wall preparations from polymyxin B-sensitive than from resistant strains (11) . This difference in affinity for the antibiotic was shown to be correlated with a higher lipid-P/lipid-N ratio in the cell walls of the polymyxin B-sensitive bacteria (11) .
The type of binding which polymyxin B demonstrates with cell wall and cell membrane preparations may also account for the antiendotoxin activity of this class of antibiotics. The cationic polypeptide antibiotics may attach to the phospholipid moiety of the endotoxin molecule. There is some evidence that endotoxin toxicity is associated with such a moiety, lipid A (16), in contrast to serological reactivity which is associated with the polysaccharide component (13) . The finding of others (7), confirmed in this study, that endotoxin antibody does not neutralize toxicity would also be in keeping with this postulated localization of the neutralizing antibiotics on the endotoxin molecule. The finding of antiendotoxin effect only among the cyclic cationic polypeptide antibiotics supports the role of the positively charged groups in this phenomenon. The 13-fold decrease in antiendotoxin activity of colistin which accompanies the blocking of basic groups by methane sulfonation is also in accord with this supposition. It is of interest that this decrease in antiendotoxin activity is quantitatively comparable to the sevenfold loss in antibacterial activity which accompanies methane sulfonation of colistin and polymyxin B (1) . The approximate equivalent potency of tyrocidine, however, which has only one free amino group, and polymyxin B which has five free amino groups indicates that factors other than the total number of these cationic sites determine endotoxin neutralization. Further, the absence of demonstrable antiendotoxin effect of the cyclic cationic polypeptide antibiotics, capreomycin and viomycin, the polycationic proteins, protamine and histone, and the synthetic polycation, hexadimethrine bromide, suggests that a specific stereochemical configuration may be required for endotoxin neutralization. As the group of cyclic polypeptide antibiotics are of similar chemical composition but differ in their ability to neutralize endotoxin, they could possibly serve as specific reagents in studies of the structure and configuration of the toxic moiety of this complex bacterial lipopolysaccharide.
This study has been confined to the influence of antibiotics on the lethal activity of endotoxin in chick embryos. In this system, death is probably related to production of profound hypoglycemia (4) . Further studies are needed to determine whether protection will occur in other animals in which such a mechanism of lethality is not operative, and in which a role of hypersensitivity in toxicity has been postulated (15) . Although the protection afforded by corticosteroids against endotoxin in the chick embryo has also been shown in a number of other experimental animals (5, 6), this cannot be taken as evidence for a common mechanism because of the varied physiological and pharmacological effects of these hormones. In addition, it is unknown whether other manifestations of endotoxin, such as tolerance, pyrogenicity, adjuvant activity, or the Shwartzman phenomenon, will be influenced by the cyclic cationic polypeptide antibiotics.
